This paper explores the effects of changes in matter density profiles on neutrino oscillation probabilities, and whether these could potentially be seen by the future Hyper-Kamiokande long-baseline oscillation experiment (T2HK). The analysis is extended to include the possibility of having an additional detector in Korea (T2HKK). In both cases, we find that these effects will be immeasurable, as the magnitudes of the changes in the oscillation probabilities induced in all density profile scenarios considered here remain smaller than the estimated experimental sensitivity to the oscillation probabilities of each experiment, for both appearance and disappearance channels. Therefore, we conclude that using a constant density profile is sufficient for both the T2HK and T2HKK experiments. * s.f.king@soton.ac.uk, 0000-0002-4351-7507 † Now at IFIC (CSIC -U.
I. INTRODUCTION
Following the success of the Kamiokande and Super-Kamiokande (Super-K) experiments [1] , Hyper-Kamiokande [2] (Hyper-K) will be the next-generation water Cherenkov detector in Japan. With a fiducial volume of 187 kton, 8.3 times greater than that of Super-K, Hyper-K will have a huge multipurpose research potential. It will be capable of studying everything from solar and atmospheric neutrinos to supernovae, as well as having applications to dark matter searches, neutrino tomography and proton decay.
The long-baseline aspect of the experiment, T2HK, will involve a neutrino beam originating at J-PARC, Tokai, with an intermediate water Cherenkov detector and upgraded near detectors. While this will have a baseline of approximately 300 km, where oscillations are at the first maximum, it is a natural extension to consider an additional detector further from the beam source, at a Korean Neutrino Observatory [3] . At the second oscillation maximum, this baseline would be comparable to that of other current and future long-baseline experiments, such as NOνA [4] and DUNE [5] . Fig. 1 shows these locations on a geographical map of Japan and South Korea. Hyper-K detectors) and five potential placements for a Korean detector, from [6] .
It is at these baselines that matter effects can become significant. As neutrinos propagate through the Earth, their oscillation probability is affected by interactions with the protons, neutrons and electrons in matter.
While neutrinos of all flavours experience neutralcurrent interactions with protons and neutrons, only electron neutrinos can undergo charged-current interactions with electrons, thus producing an asymmetry which is dependent on the density of electrons in matter (n e ); this in turn can be directly translated into matter density.
In matter of constant density, the probability for an muon neutrino to oscillate to electron flavour is given by: 
where ∆jk = ∆m 2 jk L/4E, L is the distance travelled, E is the neutrino energy and ∆m 2 jk ≡ m 2 j − m 2 k is the neutrino mass squared difference, see [7] . The effects of propagation through matter are given by the Wolfenstein matter potential [8] divided by 2: a = G F n e √ 2 ≈ 1 3500 km ρ 3.0 g/cm 3 (2)
Barger et al. were the first to explore, in detail, the effects of matter on three flavour neutrino oscillations, see [9] . In this paper, since we are interested in varying matter density, the Schrödinger-like differential equation for neutrino propagation in matter has to be solved numerically. For this reason, the GLoBES software package [10] is used for our analysis. Cross-section view of the matter density profile of between Tokai and Korea, with an approximate neutrino beamline for both T2HK and the 5 possible sites for a Korean detector (with baselines ranging from 1000 km to 1200 km), from [6] . Matter density is given in units of g/cm 3 .
While for DUNE it has been shown that varying the density profile would have no measurable effect on oscillations [11] , this study aims to determine whether the geographical features present in the baselines for T2HK and T2HKK could produce a different conclusion. To do this, we use GLoBES implementations of T2HK and T2HKK based on those in [12] , modified to match the matter density profiles shown in Fig. 2 . We assume that the Hyper-K detector and the Korean detector each consist of single tanks of 187 kton fiducial volume.
Section II gives an overview of the two most likely sites for the Korean detector, Mount Bisul and Mount Bohyun, on which much of this paper will be focused. Section III shows our estimations of the measurement precision of T2HK and T2HKK. In Section IV we present the sensitivity to variations in oscillation parameters. Section V explores the effects of changes in a matter density profile with respect to its average value, while Section VI investigates the effects when compared to a representative low-density matter profile. Section VII shows the combined experimental sensitivity to the scale of the matter density with the oscillation parameters being measured. In Section VIII we provide a summary of the results we have obtained, and discuss their implications.
II. MOUNT BISUL AND MOUNT BOHYUN
The most likely candidate site for the Korean detector is Mount Bisul, which is shown to have the highest sensitivity enhancements to non-standard interactions of neutrinos and mass ordering determination, as well as both solar and supernova relic neutrino searches [3] .
The location which would provide the second-highest event rate is Mount Bohyun, which also currently hosts the Bohyunsan Optical Astronomy Observatory [3] . Both sites have been shown to be suitable for a large-cavern excavation using geological surveys. Table I shows a comparison of the approximate values of the baseline and offaxis angle for these two sites, which are the most relevant characteristics used in our simulations. [3] . This difference has no effect on our conclusions. Fig. 3 shows the oscillation probability for different baselines of T2HKK as a function of energy and of E/L. It can be seen that in the latter case they follow an almost identical path, with slight variations a direct result of differences in their matter density profiles.
For the following studies, we have chosen to focus on the baseline corresponding most closely to the primary candidate site of Mount Bisul, in addition to the secondary site of Mount Bohyun in Sections V and VI. 
III. SENSITIVITY ESTIMATES
We explore two methods of determining experimental sensitivity to the oscillation probability:
• Find a 1σ sensitivity region in oscillation parameter space (using the χ 2 calculation of GLoBES) then convert this into a corresponding 1σ region of the oscillation probability.
• A "naive" estimate based on the method described in [11] . This is used as a cross-check, as comparisons between both methods allow us to be confident about the shapes produced.
The first method is shown as the continuous black line in Fig. 4 . We show the curves calculated using combined data from both detectors. We assume that the uncertainty in the (dis)appearance probability is only significantly dependant on the uncertainties of δ CP and θ 13 (θ 23 and ∆m 2 32 ). The values in these curves correspond to the uncertainty on the oscillation probability of neutrinos at each given energy point, obtained from experimental measurements of neutrinos from a beam spanning a range of energies. Since the uncertainty on oscillation parameters is determined using data from all neutrino energies present in the beam, this information is used to constrain the allowed values for the oscillation probability at all other energies, under the assumption of standard three flavour neutrino oscillations.
Two additional ways of estimating the uncertainty on oscillation probability are overlaid in Fig. 4 ; these are primarily used as a cross-check to the GLoBES method, which was developed for this analysis.
The so-called "naive" method, based on the method used in [11] and shown here in discrete energy bins, is dependent on the event rates that would be observed in each energy bin if the oscillation probability were 1. In the case of the appearance channel, there are only 8 bins that have non-zero appearance rates at HK, which accounts for the smaller energy range than in our other studies.
The vertical error bars correspond to the range of values for the estimated uncertainty as the energy is varied across the bin. This method of estimating the uncertainty makes the assumption that, at a given energy, only the events in the same energy bin contribute to the sensitivity. This gives a lower estimated sensitivity away from the HK flux peak of 600 MeV, due to the decreased event rates in these bins. As such, this assumption leads to a more conservative sensitivity estimate.
The dashed line is obtained by using the total num- FIG. 4. Sensitivity estimates for T2HK (above) and T2HKK (below). The continuous black curves depict the results using the GLoBES method, which uses information from both detectors to determine an uncertainty on oscillation probability. The naive method, shown in the grey energy bins, assumes that -at a given energy -only the events in the same energy bin contribute to the sensitivity. The vertical error bars then correspond to the range of values for the estimated uncertainty as the energy is varied across the bin. The dashed line is obtained by using the total number of events across all energies, rather than from each specific bin. The left and right panels show appearance and disappearance channels, respectively. ber of events across all energies, rather than from each specific bin. In this case, the assumption is that every event contributes information that constrains the oscillation probability across all energies. This provides a more similar estimate to the GLoBES method, where all events are used to constrain the allowed ranges of the oscillation parameters, which then determine the allowed range of the oscillation probability at any given energy.
In other words, while the naive method shows how sensitive each energy bin of each channel is to the probability in that bin / channel, the GLoBES method shows the sensitivity taking into account all data and the correlations between probabilities in all bins / channels.
IV. VARIATION OF OSCILLATION PARAMETERS
In this section, we show the changes in neutrino oscillation probability arising from a variation of the oscillation parameters within their 1σ ranges. The change in the oscillation probabilities while oscillation parameters vary across these ranges provides a verification of the sensitivity estimates of the previous section. This calculation of the change in oscillation probability is performed in the same way as our results shown in Fig. 4 , but by varying oscillation parameters across the ranges from Hyper-K's official expected sensitivities, rather than using our own sensitivity calculations using GLoBES. The ranges used for the calculation are shown in Table II [2] , with the exception of θ13, which is given by the current NuFit range [13] . The results are shown in Fig. 5 . At each energy point, we scan over the parameter range and plot the difference between the maximum and minimum oscillation probability found within the scanned range.
The shapes of these curves are seen to correspond approximately to the sensitivities seen in the previous section. This is as expected, since the changes in oscillation probability that would result from changing the oscillation parameters correspond precisely to the changes that would be measured by T2HK and T2HKK.
V. MATTER DENSITY PROFILE VS. AVERAGE DENSITY
We show here the changes in oscillation probability as a result of changes in the matter density with respect to its average value. Throughout this section, left and right panels correspond to appearance and disappearance channels, respectively.
For T2HK, the result is shown in Fig. 6 . For T2HKK, these same results for all the individual baselines are presented in Appendix A, and additional figures showing these results in combined plots can be found in Appendix B. However, here we include only those corresponding to Mount Bisul and Mount Bohyun; these are shown in Fig. 7 . It can be seen that while the results for each site seem at first glance to follow roughly the same path, there are noticeable differences in their shapes. It is also interesting to note that for both T2HKK baselines the effect of comparing a varying profile to its average value is consistently higher than that of varying the average by ±1%, while in the case of T2HK the latter effect is dominant over the former at all but very low energies. However, if we increase the amount the average value is varied to ±6%, which is the uncertainty on this value given in [6] , this effect is almost always about an order of magnitude more significant than the other two cases considered.
Sensitivity estimate
Varing profile vs. average Varying ρ av by ±1% Varying ρ av by ±6% To obtain the solid (dashed) blue curve, the average density is varied by ±1% (±6%) and the difference between the two extremes is taken at each point. The red curve is produced by taking the difference at each point between the probability calculated using the changing (real) matter density profile and the probability computed using its average density value as a constant. For comparison purposes, the sensitivity estimate obtained using GLoBES for T2HK in Fig. 4 is overlaid in grey.
Varing profile vs. . The four curves correspond to changes in probability when comparing the four scenarios described in Section VI to a representative basic profile with no high-density region at all, taking the difference between the two at each energy point. As before, the sensitivity estimate obtained for T2HKK in Fig. 4 is shown in grey for comparison. Appearance channel is shown on the left and disappearance channel on the right.
VI. COMPARISONS WITH LOW-DENSITY MATTER PROFILE
By focusing again on the most likely candidate sites for the Korean detector, Mount Bisul and Mount Bohyun (see Table I ), we can redo the calculations after removing each of the density "chunks" in turn. This can give us a better idea for how each of the different density areas under the Earth's surface will affect the final result. Fig. 8 shows the changes in oscillation probability when comparing four different matter density profiles to a representative basic profile with no high-density region at all.
The four scenarios that are considered are:
• The full profile, as depicted in Fig. 2 (continuous pink line).
• The full profile without the highest density region of 3.3 g/cm 3 (dashed green line).
• The full profile without the second-highest density region of 2.9 g/cm 3 (dot-dashed purple line).
• The matter density profile according to the Preliminary Reference Earth Model (PREM) [14] , where the earth is a spherically symmetric ball and its layers are concentric with equal distance between their boundaries at every point (dashed blue line).
Since these different profiles differ in both shape and average density, but with the average density changing between the profiles by less than the ±6% studied in the previous section, it is not surprising that the changes seen here are found to be more significant than changes due to changing the matter profile shape alone, but less significant than changing the average density by ±6%. 
VII. SENSITIVITY TO MATTER DENSITY AND OSCILLATION PARAMETERS
Using the same GLoBES setup as in Section III, this study was able to produce estimates of the sensitivity of T2HK (assuming no Korean detector is in operation) and T2HKK (assuming both the Japanese and Korean detectors are in operation) to the scale of the matter density. For each experiment, the sensitivity to a scaling parameter ρ /ρ, which scales up or down the matter density ρ at every point along the baseline, was determined in combination with the sensitivity to the oscillation parameters.
Unlike previous sections, the left and right hand panels correspond here to T2HK and T2HKK, respectively. Fig. 9 shows contour plots depicting the sensitivity to the mass density scales ρ /ρ for multiple potential true values of δ CP (δ = 0, π/2, π and 3π/2), since its value is the least well-determined of the oscillation parameters.
In addition to the δ − ρ /ρ plane, Fig. 10 includes contour plots for ρ /ρ vs. three other oscillation parameters: θ 23 , θ 13 and ∆m 2 31 . As expected, the reactor angle θ 13 proves to have the widest contours of all parameters studied, as the experiments will be least sensitive to this mixing angle. The oscillation parameters to which T2HK and T2HKK are less sensitive -namely θ 12 , θ 13 and ∆m 2
21
-are constrained by Gaussian priors with central values and 1σ errors corresponding to the values given by the current NuFIT4.1 global fit [13] . In each case, the sensitivity was determined for ρ /ρ both with no constraint other than the measurements of T2HK(K) and also with a 6% Gaussian prior constraint corresponding to the uncertainty given in Ref. [6] .
It is interesting to observe how the addition of a 6% Gaussian prior constraint on ρ has a minimal effect on the measurement sensitivity of the different oscillation parameters; only the contours for the measurement of δ CP at T2HKK become slightly narrower in comparison with the results obtained with ρ left as a free parameter.
This suggests that the uncertainty on a measurement of δ at T2HK or T2HKK is in danger of being underestimated if the uncertainty on our prior knowledge of the matter density is also underestimated. For the other oscillation parameters, however, either the effect of the matter density is small enough or the ability of T2HK and T2HKK to directly constrain the matter density is great enough that measurements of those parameters are not affected.
Finally, the combined sensitivity to both the scale of the matter density for T2HK (ρ HK /ρ HK ) and the scale of the matter density for T2HKK (ρ HKK /ρ HKK ), assuming that both the Japanese and Korean detectors are operational, is shown in Fig. 11 . Fig. 12 shows a summary plot for T2HK, where the sensitivity estimates obtained in Section III are depicted as a horizontal grey band to which the order of magnitude of the pertinent results can be compared. Returning to the previous convention, left and right panels show appearance and disappearance channels, respectively.
VIII. DISCUSSION AND CONCLUSIONS
It is clear from these plots that changes in oscillation probability arising from variations in the matter density profile will not be detectable at T2HK, as the effects from the three scenarios studied in Section V are far below our estimates for the sensitivity of the experiment.
Similarly, Fig. 13 shows a summary plot for T2HKK, this time including the results from Section VI, which are unique to the T2HKK experiment. As expected, it can be seen from these plots that there are significant differences between matter effects on neutrino oscillation probabilities at T2HK and T2HKK. While the effects of changes in the matter density profile of T2HKK are in some cases over an order of magnitude larger than those same effects in T2HK, we can conclude that they will nevertheless be immeasurable at both experiments, as they remain smaller than the estimated measurement uncertainty.
Conversely, the results arising from a variation of the oscillation parameters within their ±1σ ranges do, in some cases, exceed this threshold. This is in line with the Hyper-Kamiokande collaboration's goal of determining the value of δ CP with a sensitivity of < 23 • -as well as to precisely measure sin 2 θ 23 and ∆m 2 32 -within its first 10 years of running [2] .
Aside from the parameter variation studies, it is interesting to note that the largest change in oscillation probability always arises from varying the average matter density of a particular profile by ±6%; the uncertainty on the average given by [6] . At T2HKK, this is followed in every case by the effect of comparing a full profile from Fig. 2 to a basic low-density profile. On the other hand, the smaller effects vary in prominence depending on the candidate site and the channel in question.
In summary, we conclude that using a constant density profile in calculations of oscillation probabilities for both appearance and disappearance channels is sufficient for both the T2HK and T2HKK experiments, as is clear from Figs. 12 and 13 , respectively. Then, Fig. 16 shows the changes in oscillation probability given by varying the average density of each baseline profile by ±1%, as listed in Appendix A, combined into one plot, as a function of energy and of E/L.
Finally, Fig. 17 shows the changes in oscillation probability given by varying the average density of each baseline profile by ±6%, as listed in Appendix A, combined into one plot, as a function of energy and of E/L. Density profile changes with respect to average density corresponding to the five potential candidate sites for the Korean detector, with baselines ranging from 1000 km to 1200 km. The solid (dashed) blue curve is obtained by varying the average density by ±1% (±6%) and taking the difference between the two extremes at each point. The red curve is produced by taking the difference at each point between the probability calculated using the changing (real) matter density profile and the probability computed using its average density value as a constant. Left and right panels correspond to appearance and disappearance channels, respectively. 
